INTRODUCTION
It is widely accepted that schizophrenia (SCZ) and bipolar disorder (BP) share genetic susceptibility (Cardno et al, 2002) . Some genes have been suggested to show significant associations with both diseases (Moskvina et al, 2009) . One such gene is CACNA1C, which encodes the alpha-1C subunit of the L-type voltage-gated calcium channel (Ca v 1.2) (Green et al, 2010) . Calcium channels are important for converting electrical activity into biochemical events. Through these voltage-dependent channels, calcium enters the cell and regulates multiple enzymes, ion pumps, and components of cytoskeleton (Obermair et al, 2008; Catterall, 2000) . Therefore, variations in calcium channels can affect signal transduction and brain circuits, which may in turn contribute to the etiology of both BP and SCZ. Two large genome-wide association studies of BP involving three independent samples found that the strongest and most consistent results were at an intronic polymorphism of this gene, namely rs1006737 Sklar et al, 2008) . In addition, the same polymorphism was also suggested to confer risk for SCZ (Green et al, 2010; Nyegaard et al, 2010) . However, the exact function of this polymorphism is unknown.
In addition to having common susceptibility genes, BP and SCZ also share intermediate phenotypes, which include prefrontal dysfunction and its related cognitive impairments such as poor working memory (Hill et al, 2008 , also see Manoach, 2003 , for an earlier review). Recent studies have suggested a potential link between CACNA1C rs1006737 and these intermediate phenotypes. First, a study of post-mortem brain samples found increased expression of CACNA1C mRNA in human dorsolateral prefrontal cortex (DLPFC) for the BP/SCZ risk allele (Bigos et al, 2010) , indicating a possible functional significance of this SNP at this region. Second, using different tasks (a spatial N-back task and a verbal fluency task), two independent fMRI studies of healthy volunteers consistently found that those with the risk allele showed increased prefrontal activity when performing the working memory tasks (Bigos et al, 2010; Krug et al, 2010) . However, no studies thus far have examined the CACNA1C gene and working memory among patients with either BP or SCZ.
The current study explored associations between the SNP rs1006737 and working memory in three samples including healthy volunteers, SCZ patients, and BP patients. As suggested by the Cognitive Neuroscience Treatment Research to Improve Cognition in Schizophrenia (CNTRICS) project, working memory that is severely impaired in SCZ patients includes at least two important subunits, namely interference control and goal maintenance . The spatial N-back task mainly assesses interference control, and poor performance on this task has been viewed as an intermediate phenotype of SCZ (Blokland et al, 2008; Bigos et al, 2010) . Goal maintenance has been assessed by either the original AX-CPT task or its revised versionFthe dot pattern expectancy (DPX) task, which used spatial dot patterns as stimuli ). Previous studies found that both SCZ patients and their healthy relatives or siblings showed impaired performance at the DPX task (MacDonald et al, 2005; MacDonald et al, 2003) , indicating that this task may also be a possible intermediate phenotype. The current study used both the N-back and the DPX tasks and hypothesized that the clinical risk allele of rs1006737 would be associated with poorer working memory.
SUBJECTS AND METHODS

Subjects
The sample consisted of 318 patients with SCZ, 74 patients with BP, and 401 healthy controls. All subjects were Han Chinese. The patients were recruited from the inpatients of the Ankang Hospital in Shangdong province, a division of the Jining Medical College, from August 2008 to January 2011. All patients had been hospitalized for o1 month and fulfilled the ICD-10 criteria for SCZ or BP based on the diagnostic consensus of two experienced psychiatrists using the Mini International Neuropsychiatric Interview (MINI). This scale has a Chinese version with high reliability and validity (Si et al, 2009) . Subjects were excluded if one of the psychiatrists was uncertain about a given patient's diagnosis. The general recruitment procedure was that a clinician first judged if the patient satisfied the inclusion and the exclusion criteria (see below). The clinician and the psychologist then together explained the study to the patient, including drawing of blood and cognitive tests, and answered all questions. Subjects then signed informed consent document. Afterwards, the blood was drawn and the psychologist asked the patient to perform the cognitive tasks.
The positive and negative syndrome scale (PANSS) was used to assess each SCZ patient's positive (SAPS) and negative (SANS) symptoms at the time of the administration of the cognitive tests. The mean score of the patients' SAPS was 19.31 ± 7.09 and the mean SANS score was 18.01±7.27. The mean duration of illness was 6.16±8.01 years, and the mean number of previous hospitalizations was 1.39 ± 2.23. All patients were undergoing monotherapy with atypical antipsychotics and had been treated for 42 weeks. Exclusion criteria for the patients included a history of other psychiatric disorders, a history of severe head injury (including any closed or open head injuries that may be related to current symptoms or impact cognitive functions), currently having acute psychotic episodes, current substance abuse, and failure to cooperate during the cognitive tests. Subjects were deemed by the experimenter as 'fail to cooperate' when they abruptly stopped performing tasks in the middle of the experiment, when they pressed keys only when prompted by the experimenter, and when they failed to cooperate to complete the practice trials of a test to reach an acceptable threshold of accuracy after multiple attempts. All patients with BP were currently in episodes of mania. Symptoms were assessed by Young Mania Rating Scale (YMRS) at the time of the administration of the cognitive tests. The mean score was 15.86± 12.80. All patients were under treatment with atypical antipsychotics and had been treated for 42 weeks. Exclusion criteria for the patients included a history of other psychiatric disorders, any severe head injury, current substance abuse, and failure to cooperate during the cognitive tests.
The healthy controls were from the same geographical region as the patients and were interviewed by experienced psychiatrists to screen for any personal or family history of psychiatric disorders. Additional demographic information for both patients and the healthy controls is shown in Table 1 . This study was approved by the Institutional Review Board of the Institute of Cognitive Neuroscience and Learning at Beijing Normal University, and all subjects gave written informed consent for this study. Effects of CACNA1C gene polymorphism on spatial working memory Q Zhang et al
Cognitive Tasks
All subjects completed the N-back task and the Wechsler Adult Intelligence Scale-Revised (WAIS-RC). The DPX task was completed by almost all healthy controls (396 of 401), but by only a subsample of the patients (104 patients with SCZ and 27 patients with BP) because this task was added late in the long and continual process of recruiting patients. The N-back task was similar to the version introduced by Callicott et al (1998) . In this task, a white circle was presented randomly at one of the four corners of a gray diamond-shaped square in a white background on an IBM 14-inch screen notebook. The four response buttons were arranged also in a diamond shape similar to the configuration of the white circles presented on the screen. Subjects used their right index or middle finger to press one of the four buttons to match the target stimulus. There were three task conditions: 0-, 1-, and 2-back. In the 0-back task, the subjects were instructed to press the button whose position was the same as the white circle on the screen at the current trial. In the 1-back task, the subjects pressed the button corresponding to the position of the white circle presented one trial before the current one. In the 2-back task, the subjects pressed the button corresponding to the position of the white circle presented two trials before the current one. Each condition (performed in one block) included 48 trials. All subjects followed the order of 0-, 1-, and 2-back conditions. The stimulus presentation time was 200 ms and the inter-stimulus interval was 800 ms. Following Blokland et al's twin study (2008) , the current study used error rate (percentage of wrong responses) to index performance.
The DPX task was similar to that introduced by MacDonald et al (2005) . The task was presented in 4 blocks of 40 stimulus pairs (the cues and the probes) that were presented sequentially in the center of a 14-inch screen. The stimuli were Braille font dot patterns and were presented in pairs (cue-probe). There were four conditions: AX, AY, BX, and BY, where A and B designate different cues and X and Y different probes. After 350 ms of a fixation cross, a cue was presented for 1000 ms, followed by a 4000-ms delay, and then the probe was presented for 500 ms. Between trials was a 650-ms white intermission screen. Subjects were instructed to press a target key in the AX condition but to press the non-target key in all other conditions (see MacDonald et al, 2005, for details). As in MacDonald et al (2005) study, the 40 trials of each block consisted of 28 (70%) AX trials, 5 (12.5%) AY trials, 5 (12.5%) BX trials, and 2 (5%) BY trials. The error rate of the BX condition was used as the measurement of working memory because previous studies (MacDonald et al, 2003 (MacDonald et al, , 2005 showed that, compared with healthy controls, both SCZ patients and their healthy relatives showed significantly higher error rates in this condition, but not in the other three conditions. We also used BX-AY error difference scores, which have been suggested to have genetic components (MacDonald et al, 2003 (MacDonald et al, , 2005 .
SNPs Genotyping
Rs1006737 was genotyped using Taqman allele-specific assays on the 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA). The sample success rate for this SNP was 100% (ie, no failures across participants to 'call' the polymorphism) and the reproducibility of the genotyping was 100% according to a duplicate analysis of at least 2% of the genotypes.
Analysis
The Hardy-Weinberg test of the SNP was done by using the PLINK program (Purcell et al, 2007) . All other analyses were done by using SPSS version 13.0. Non-genetic factors, including age, gender, IQ, and years of education among genotypic groups were compared using either one-way ANOVA or w 2 test. Due to the small number of the AA genotype (two in the control group and one in the SCZ group), we combined the AA genotype with the AG genotype. The associations between cognitive function and SNP were tested by two-way ANCOVA. The two fixed factors were genotype (minor allele (A) carriers vs major allele G homozygotes) and diagnosis (SCZ vs BP vs controls). Demographic factors including age, gender, years of education, and IQ were entered as covariates. Significant interaction effects between genotype and diagnosis or significant main effect of genotype were further explored to examine the simple effects of genotype in the three samples separately. In this analysis, age, gender, education years, and IQ were also used as covariates.
RESULTS
There were significant differences in mean age between SCZ patients and controls and between BP patients and controls (both P-values o0.05, see Table 1 ). There were also significant differences in IQ among the three samples (SCZ vs control, F ¼ 86.34, P-values o0.001; BP vs control, F ¼ 8.70, P ¼ 0.003; SCZ vs BP, F ¼ 66.91, P-values o0.001). BP patients showed the highest IQ while SCZ patients showed the lowest. After controlling for IQ and all demographic factors, both SCZ patients and BP patients showed significantly higher error rates on the two working memory tasks than did the controls (all P-values o0.001). The differences between the two patient populations were not significant for both tasks (all P-values 40.05).
No deviation from Hardy-Weinberg equilibrium was found in controls, patients, or the total sample (all P-values 40.05). There were no significant differences in genotype frequencies between SCZ patients and controls and between BP patients and controls (all P-values 40.05). Moreover, there were no significant differences in all demographic factors across genotypes in all three samples (all P-values 40.05, see Table 2 ).
Significant interactions between genotype and diagnosis were found for the error rates of the 1-back task (F ¼ 10.281, Po0.001) and the BX condition of the DPX task (F ¼ 6.083, P ¼ 0.002). Moreover, there was a marginally significant interaction for the error rate of the 2-back task (F ¼ 2.640, P ¼ 0.072). For BX-AY difference scores, the main effect of genotype was significant (F ¼ 4.265, P ¼ 0.039), but the interaction between genotype and diagnosis was not significant (F ¼ 0.811, P ¼ 0.445) ( Table 3) . To explore the nature of the interactions between genotype and diagnosis as well as the main effect of genotype across samples, we then examined the simple effects of genotype in the three samples separately. For the 1-back task, significant associations between genotype and working memory were found in all three samples. The direction of association was the same in SCZ patients (F ¼ 4.764, P ¼ 0.030) and controls (F ¼ 6.046, P ¼ 0.014) with the A allele (the clinical risk allele) carriers showing significantly higher error rates than did the G allele homozygotes. However, BP patients showed Figure 1) . Finally, to investigate whether the genetic effects were of the same magnitude for SCZ patients and the controls, we did a two-way ANOVA. Results showed no interaction effects (for the 1-back task, F ¼ 0.488, P ¼ 0.485; for the 2-back task, F ¼ 1.205, P ¼ 0.273; and for the DPX task, F ¼ 3.167, P ¼ 0.076), suggesting consistent genetic effects for these two groups. The main effects of genotype were significant for the 1-back task (F ¼ 9.889, P ¼ 0.002), and the BX condition of the DPX task (F ¼ 13.630, Po0.001), and the BX-AY difference scores (F ¼ 10.134, P ¼ 0.002).
DISCUSSION
The current study was the first to report significant associations between rs1006737 and behavioral measures of working memory. Consistent with our hypothesis, both SCZ patients and healthy controls with the clinical risk allele showed significantly higher error rates on the 1-back task and the BX condition of the DPX task as well as higher BX-AY error difference scores than did their major allele homozygote counterparts. In other words, the clinical risk allele was associated with impaired working memory. In contrast, patients with BP showed a counterintuitive, reversed direction of associations for the 1-back task and the BX condition of the DPX task. These results suggest that rs1006737 has an important role in working memory, but its mechanisms may vary by patient groups.
First, for healthy controls, the current results were consistent with previous studies. Using the fMRI method, Bigos et al (2010) and Krug et al (2010) found that the risk allele was associated with increased activity of the DLPFCFan indication of poorer working memory. Studying mostly the same subjects as those of Krug et al's (2010) study, Thimm et al (2011) found that, compared with other genotypes, the rs1006737 risk allele homozygotes showed Figure 1 Working memory by rs1006737 genotype and diagnosis. For SCZ patients and healthy controls, compared with the major allele (G) homozygotes, clinical risk allele (A) carriers made more errors at both the 1-back task (the panel a) and the BX condition of the DPX task (the panel b) and showed higher BX-AY difference scores (the panel c). In contrast, for BP patients, A carriers made fewer errors at the 1-back task and the BX condition than G homozygotes. *Po0.1, **Po0.05.
Effects of CACNA1C gene polymorphism on spatial working memory Q Zhang et al slightly higher (though not statistically significant) conflict effect at the behavioral level and significantly reduced neural activity in the frontal gyrus, again suggesting a link between the risk allele and impaired cognitive function.
As for SCZ and BP, several lines of previous research are relevant to the explanation of our finding of disease-specific associations between rs1006737 and working memory. First, although patients with BP and SCZ showed similar deficits of working memory in this study as in previous studies (Hill et al, 2008; McGrath et al, 2001 ), it does not necessarily mean that both diseases have the same neural basis for their impaired working memory. A recent meta-analysis of studies on SCZ patients revealed decreased activity in the DLPFC, reflecting disrupted frontal-based top-down control functions, but increased activity in the VLPFC, suggesting a compensatory response (Minzenberg et al, 2009 ). In contrast, another meta-analysis of research on BP patients found that these patients, especially those with mania episodes, show decreased activity in the VLPFC, but no changes in the DLPFC (Chen et al, 2011) . The differences in neural bases of impaired working memory between SCZ and BP patients have also been confirmed by several studies that directly compared these two groups. It should be noted that these studies used different techniques and measures. For example, some used the fMRI technique to measure prefrontal activity related to working memory (Curtis et al, 2001; Costafreda et al, 2011; McIntosh et al, 2008) , others used the structural MRI technique to measure the gray matter volumes of the prefrontal cortex (Molina et al, 2011) , and still others used the magnetic resonance spectroscopy technique to measure the NAA concentration (Molina et al, 2007) in the prefrontal cortex.
Second, our particular finding that the clinical allele was associated with better working memory in patients with BP is similar to a finding involving rs1344706 of the ZNF804 gene (Walters et al, 2010) . This SNP is the sole polymorphism that could withstand whole-genome corrections in whole-genome scan studies of SCZ . Walters et al (2010) recently found that the clinical risk allele was also associated with better cognitive functions. These authors further tested the association between SCZ and this SNP in a subgroup of patients with relatively intact cognitive functions and found that the association became stronger with increasing cognitive function, suggesting interactive effects among cognitive functions, disease, and genes.
Third, the only previous study involving rs1006737 and BP patients (Perrier et al, 2011) found opposite directions of association in BP and healthy controls for the gray matter density of the left putamen. Specifically, the clinical risk allele was associated with decreased gray matter density in BP patients but increased gray matter density in healthy controls. The putamen is a substructure of the basal ganglia and has projections to the prefrontal cortex, thus is also involved in the etiology of working memory (Chang et al, 2004) . A recent meta-analysis indicated that BP patients actually had enlarged putamen volume (Hallahan et al, 2011) . In other words, just like our results, Perrier and colleagues' results on BP patients were also counterintuitive. Taken together, it is likely that the role of rs1006737 in BP patients' brain functions may differ from those in healthy controls or patients with other diseases. Future research may also examine the disease-specific effects of rs1006737 in brain regions beyond the prefrontal cortex, because several structural and functional MRI studies have found that healthy subjects with the clinical risk allele showed altered volumes or activities in brain regions such as the hippocampus (Bigos et al, 2010; Erk et al, 2010) , amygdala (Wessa et al, 2010) , and other regions (Kempton et al, 2009; Franke et al, 2010) .
Although our results were consistent for the 1-back and DPX tasks, we did not find significant genetic effects (except for one marginal effect) on the 2-back task. This result may have been due to the complex nature of the 2-back task, which is more difficult (ie, higher error rates) than the other two tasks and likely to involve different cognitive processes. For example, fMRI studies on the N-back tasks (Callicott et al, 1999; Van Snellenberg et al, 2006; Manoach, 2003) have revealed that, at lower working memory load for the 1-back task, DLPFC activity increases monotonically with the increasing load. However, the relationship between DLPFC activity and working memory load becomes nonmonotonic or inverted U-shaped when working memory load increases beyond a subject's ability to effectively perform the task (Callicott et al, 1999; Van Snellenberg et al, 2006; Manoach, 2003) . It is likely that the 2-back task involves more than the DLPFC, especially among the lowperforming subjects who showed poor effort, frustration, or guessing (Van Snellenberg et al, 2006) . If that is the case, the simpler 1-back task may be more sensitive to the DLPFC function and related working memory than the 2-back task. The former may also be a more applicable endophenotype of these disorders than the latter.
The results of our study are intriguing, but replications are needed before we can draw conclusions confidently about disease-specific genetic effects on working memory. First, the sample size of patients with BP was quite small, especially for the DPX task. It is worth noting that previous studies have published results with similarly small sample sizes when using quantitative cognitive performance as a phenotype. For an instance, Opgen-Rhein et al (2008) published a study in Schizophrenia Bulletin which contained 63 SCZ patients (involving 11 val/val) and 40 healthy controls (involving 13 val/val and 6 met/met) and found significant associations between COMT gene polymorphism and ANT task performance. In this study, we obtained consistent results across two different measures of spatial working memory, but it is necessary to replicate these results with large samples.
Second, our failure to find significant differences of genotype frequencies between patients and controls might also have been due to sample size limitations. The current opinion is that a large sample size of a thousand is needed to discover common polymorphisms for common diseases. For example, in the previous case-control studies of rs1006737, the smallest sample sizes were 479 patients and 11361 controls in studies of SCZ (Green et al, 2010) and 1098 patients and 1267 controls in studies of BP . Although our limited sample size may have been responsible for the lack of significant association between genotype and diagnosis, it was large enough to examine the associations between genotype and the quantitative endophenotype (ie, working memory) of the BP and SCZ diseases (even for the small sample of BP patients).
Finally, some demographic factors, especially IQ and age, were not well matched across the three samples. Although these demographic factors were included as covariates in all the analyses on the associations between genotype and working memory, better-matched samples should yield more convincing results. In addition, with patients as subjects, potential confounds such as the effect of medications and patients' impaired cognitive functions also need to be considered in future research.
In conclusion, the current study found significant associations between rs1006737 and working memory in three samples, including healthy controls, patients with SCZ, and patients with BP. The direction of association was the same for SCZ patients and healthy controls, but reversed for BP patients, suggesting possible disease-specific genetic effects on working memory. This finding adds to the emerging literature on complex interactions among genes, diseases, and brain functions and pointed to the necessity for more studies in patient populations.
